The homotetrameric tumor suppressor p53 consists of folded core and tetramerization domains, linked and flanked by intrinsically disordered segments that impede structure analysis by x-ray crystallography and NMR. Here, we solved the quaternary structure of human p53 in solution by a combination of small-angle x-ray scattering, which defined its shape, and NMR, which identified the core domain interfaces and showed that the folded domains had the same structure in the intact protein as in fragments. We combined the solution data with electron microscopy on immobilized samples that provided medium resolution 3D maps. Ab initio and rigid body modeling of scattering data revealed an elongated cross-shaped structure with a pair of loosely coupled core domain dimers at the ends, which are accessible for binding to DNA and partner proteins. The core domains in that open conformation closed around a specific DNA response element to form a compact complex whose structure was independently determined by electron microscopy. The structure of the DNA complex is consistent with that of the complex of four separate core domains and response element fragments solved by x-ray crystallography and contacts identified by NMR. Electron microscopy on the conformationally mobile, unbound p53 selected a minor compact conformation, which resembled the closed conformation, from the ensemble of predominantly open conformations. A multipronged structural approach could be generally useful for the structural characterization of the rapidly growing number of multidomain proteins with intrinsically disordered regions.
T
he tumor suppressor p53 is a tetrameric, multidomain transcription factor that plays a central role in the cell cycle and maintaining genomic integrity (1, 2) . It binds to specific DNA response elements, is integrated in various signaling networks by a multitude of protein-protein interactions, and is controlled by extensive posttranslational modifications (1, 3, 4) . p53 protein is a homotetramer of 4 ϫ 393 residues. Each chain consists of two folded domains [the core, or DNA-binding, domain (94-294) and the tetramerization domain (323-360)] that are linked by an intrinsically disordered sequence. The transactivation domain (1-67) (5), proline-rich region (67-94), nuclear localization signal (NLS)-containing region (303-323) (6) , and C-terminal negative regulatory domain (360-393) are also intrinsically disordered (7-9) (see refs. 10 and 11 for reviews). The DNAbinding core domain (residues 94-294) binds to sequencespecific response elements associated with p53 target gene promoters (12) (13) (14) . The structures of the core domain complexes with DNA have been solved by crystallography (15) (16) (17) , and in solution in the absence of DNA by NMR (18) . The structure of the tetramerization domain has been solved by both NMR and x-ray crystallography (19) (20) (21) .
Structural studies on full-length p53 have been impeded both by its intrinsic instability and the presence of disordered regions (8, 18, 22, 23) . There is an increasing number of proteins being discovered to have globular domains linked by intrinsically disordered regions (24) , and so the determination of such structures will be a recurring problem. Recently, the first structure of full-length murine p53, obtained by cryoelectron microscopy, was reported (25) . It gave a radically new concept of the molecular organization of p53. We have solved the instability problem of human p53 by designing a biologically active mutant with a superstable core domain (26, 27 ) that is suitable for NMR studies. NMR studies have given a picture of the p53 tetramer as a dimer of loosely tethered core dimers of appropriate symmetry to be poised to bind target DNA with well resolved transverse relaxation optimized spectroscopy (TROSY) NMR spectra (23) . But, on addition of DNA, the protein rigidifies with poorly resolved spectra (23) .
Here, we used small-angle x-ray scattering (SAXS), electron microscopy (EM), and NMR spectroscopy in a multitechnique approach to determine the structures of tetrameric full-length human p53 and various truncation mutants, both unligated and as a complex with a DNA response element.
Results and Discussion
Quaternary Structure of p53 from SAXS. SAXS experiments were performed on solutions of three p53 constructs: p53 core plus tetramerization domain (94-360) (CTetD), p53 core plus tetramerization plus C-terminal domain (94-393) (CTetCD), and full-length p53 (1-393) (flp53). All had four stabilizing mutations in the core domain (M133L/V203A/N239Y/N268D) (27) that do not perturb the structure (26) . The processed experimental patterns (scattering intensity I versus momentum transfer s ϭ 4sin/, where 2 is the scattering angle and ϭ 1.5 Å is the wavelength) are displayed in Fig. 1a , and the overall parameters are summarized in Table 1 . The solutions are monodisperse [supporting information (SI) Fig. 6 ], and the molecular weights (M r ) of the solutes determined from the extrapolated zero angle intensity I(0) consistently point to a tetrameric assembly for each construct. The radius of gyration (R g ) increases from CTetD (52.2 Å) to CTetCD (54.0 Å) to flp53 (68.2 Å) ( Table 1 ). The
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distance distribution functions of all of the constructs display peaks or shoulders at shorter distances (20-50 Å) , indicating the presence of separated subdomains (Fig. 1b) . CTetCD reveals only small expansion of the structure compared with CTetD, whereas flp53 demonstrates a significant increase in the overall dimensions (Table 1 ). This increase indicates that the N-terminal domain is not folded back onto the core protein but instead is largely extended and potentially flexible (although, as evidenced by the so-called Kratky plot in SI Fig. 7 , not completely un- Low-resolution models of the constructs generated ab initio by the program DAMMIN (28) revealed elongated cross-shaped structures (a typical model is displayed in SI Fig. 8 ). There are only small changes in chemical shifts of the core and tetramerization domains in flp53 compared with separate domains in solution (23) . Accordingly, the known high-resolution structures of p53 core (PDB ID code: 1TUP, 2AC0) and tetramerization domains (PDB ID code: 1C26) were used to build models of p53 constructs by using the programs SASREF and BUNCH (29) . These programs perform rigid-body refinement against single or multiple data sets but also allow one to model the missing linkers as dummy residue chains. The configuration of the tetramerization domain was fixed as in the crystal structure, and the linkers and core domains were added to fit the experimental data assuming the P222 symmetry of the constructs. Independently determined models of all constructs consistently display extended cross-like structures, their overall shape being compatible with the ab initio reconstructions (SI Fig. 8) . Importantly, the tetramerization domain in the middle of these models is surrounded by two pairs of associated core domains, which is consistent with previous NMR results on the mobility of core domains (23) .
To constrain the modeling further, we fitted the three scattering patterns from CTetD, CTetCD, and flp53 simultaneously and added information about the interacting surface of the core dimers. The residues likely to be involved in domain interfaces are found from comparing chemical shifts in the tetrameric constructs with those in isolated core domains (23) . The interface found previously (23) has now been reassigned to that of the interaction of core domain in flp53 with its N-terminal extension (S.M.V.F., C. Baloglu, and A.R.F., unpublished results). The interface between the core domains in the crystal structure of the complex of p53 monomers with DNA has self-complementarity of residues 177, 178, 180, 181, 243, and 244 (17) . These residues are also implicated in the NMR spectra of dimeric constructs of two core domains with half-site DNA (30, 31) . Signals for residues 181, 243, and 244 are in clear isolated positions in the 800 and 900 MHz 1 H-15 N TROSY spectrum of core domain (Fig. 2) . Although there are insignificant changes in chemical shifts of nearly all of the remaining 147 assigned residues of the core domain in CTetD relative to core, the signals from 181, 243, and 244 are missing. We attribute the absence of those signals to line broadening from chemical exchange as each pair of core domains associates and dissociates, lowering the signals below the threshold for detection. Further, the normalized changes in 1 H-15 N chemical shifts for 178 and 179 are among the two greatest in the spectrum at 0.034 and 0.059 ppm, respectively. These data are compatible with a transient inter- Rg, radius of gyration; Dmax, maximum size of particle. *Mass values were evaluated by normalization against the BSA solution accounting for the contrast reduction due to 5% glycerol and (for the DNA-containing constructs) also for the higher DNA contrast compared with that of the protein. In parentheses, the expected masses of tetrameric constructs are given.
action between core domains involving the same interface observed in the crystal structure of the core domain-DNA complex (17) . We included the interface detected by NMR constraints, using the crystal structure coordinates (17) . A typical constrained model displayed in Fig. 3 fits simultaneously the scattering patterns from CTetD, CTetCD, and flp53 with discrepancy ϭ 0.82, 0.83, and 1.24, respectively (Fig. 3) . The overall shape of this model is compatible with those of the unconstrained model and with the ab initio model (SI Fig. 8 ), but the constrained model displays a somewhat different orientation of the core domains.
The C termini are located in the central part surrounding the tetramerization domain, whereas the N-terminal domains are rather extended and point toward the periphery of the molecule.
It cannot be excluded that p53 has a considerable degree of conformational flexibility in solution and that the SAXSgenerated models represent an average over such an ensemble. The conformation of potentially flexible linkers and termini, in particular in Fig. 3b , should be taken only as an indication of the volume occupied by these chains. On the other hand, the configuration of the tetramerization and core domains in CTetD appears rather rigid and reproducibly reconstructed in the independent modeling of different constructs. Summarizing, the model in Fig. 3 is compatible with a large body of SAXS and NMR evidence. In contrast, the calculated scattering from the recently published EM structure of p53 (25) does not agree with experimental SAXS data, yielding a poor fit with ϭ 9.2 (Fig. 1a) .
Structure of p53-DNA Complex from SAXS. Tetrameric flp53 and CTetD bind 24-residue gadd45 or p21 response element DNA with K d in the low nanomolar range (32, 33) . The scattering profiles from the DNA complexes are displayed in Fig. 1a and the overall parameters are summarized in Table 1 . The CTetD-DNA complex is clearly compatible with tetrameric CTetD and a single DNA molecule, whereas the M r of the flp53-DNA complex somewhat exceeds the expected value, which may point to some aggregation or high flexibility. The distance distributions of DNA complexes display no ''fine-structure'' at small distances observed for free p53 constructs, suggesting that the internal structure of the complexes is more compact than that of free protein (Fig. 1b) . This compaction is further confirmed by comparison of the Kratky plots of the free and DNA-bound p53 constructs (SI Fig. 7) .
We generated the structural model for the CTetD-DNA complex by rigid body modeling using the core domains, tetramerization domain, and DNA. This procedure yielded two types of alternative models both showing four core domains binding to DNA and a tetramerization domain in its tetrameric form. These two structures fit the experimental data equally well and differ only by the positioning of the tetramerization domain with respect to the core domains-DNA complex (data not shown). Because one SAXS model was very similar to our EM model (see Structure of p53-DNA Complex from EM), we used this latter model as a starting point to add missing linkers and termini that could not be visualized in the EM map. The final model of the CTetD-DNA complex fitting the experimental data with ϭ 1.48 (Fig. 1a ) reveals two superdomains: four core domains bound to DNA as described by Kitayner et al. (17) , and the tetramerization domain (Fig. 4) . These superdomains are separated by 40-120 Å and connected by linkers. The full-length p53-DNA complex appears much more extended than the CTetD-DNA complex ( Table 1 ), suggesting that the N terminus is extremely extended. This extended structure agrees with the TROSY-NMR spectra on these complexes, which show that the N-terminal resonances remain unchanged (ref. 23 ). Attempts to add the missing termini yielded poor fits to the scattering pattern from the flp53-DNA complex, suggesting that the N termini may be even more flexible than those in the free-full length p53 (as indicated above, aggregation could also not be excluded). A tentative model of the flp53-DNA complex constructed ab initio by DAMMIN accommodates the rigid-body model of the CTet-D-DNA complex and leaves ample space for the missing termini (SI Fig. 9 ).
Structure of p53 from EM. The EM images for negative-stained flp53 were heterogeneous in shape and size, and so the global set was unsuitable for 3D averaging techniques. A fraction, Ͻ20%, of the total particles adsorbed to the carbon support layer, however, was compact, with uniform structures of a size that was compatible with 2D projections of flp53 tetramers. We calculated the 3D map for this group following a reference-free scheme and imposing an overall C2 symmetry (see SI Materials and Methods and SI Fig. 10 ). At the defined density threshold, the map reveals a structure with two main masses linked by two faint connecting regions (SI Fig. 10 a and b) . Despite the limitations of the negative staining approach and the moderate resolution of the 3D map (estimated in the range of 25-30 Å), the boundaries allowed us to fit available atomic coordinates for p53 core (15, 17) and tetramerization (19, 20) domains. The 3D map (SI Fig. 10 d-f ) resembles and accommodates both structures with no need of major rearrangements, and the C termini of the core domains point toward the tetramerization domains for their connection. This structure is not the major one in solution that was found from the SAXS studies, and the computed scattering pattern does not match the experimental profile from CTetD ( ϭ 4.37). It may well be that this is a genuine low occupancy conformation that has to open to allow access of DNA to the binding site.
Structure of p53-DNA Complex from EM. EM images of stained flp53 in a complex with a 60-bp dsDNA probe containing a sequence-specific binding site DNA had a more uniform size distribution than the unligated protein. The volume, rendered from the calculated 3D map (Fig. 5 a-c) , does not show the dsDNA. This invisibility is a typical drawback of negative stained protein-nucleic acid samples, where nucleic acids (thin and charged strings) are rarely visible and sometimes positively stained. The EM map, however, contains structural features that confirm the presence of the DNA probe, and we independently confirmed the presence of the flp53-DNA complex by EMSA (data not shown).
As with the EM structure of free flp53, there were two regions of density, at the top and bottom, Ϸ40 Å apart, connected by two linkers (Fig. 5 a and b) . Importantly, the connecting densities in the map for p53-DNA complex were more obvious than for the free flp53 (see SI Fig. 10 a and b and Fig. 5 a and b) and were retained at high cut-off density thresholds. Those densities clearly delineate a see-through channel with the shape of a circle in one of the side views (Fig. 5a ). The crystal structure of four core domains bound to dsDNA (17) fits very well around the channel of missing density of DNA (Fig. 5d) . The EM map is understood as of a stained flp53 tetramer wrapped around unstained dsDNA.
The fitted atomic structures for the core (17) and tetramerization domains (19) are consistent with the EM envelope for the p53-DNA complex (Fig. 5 d-f ) . Importantly, the SAXS pattern computed from the complete EM-based model, including the core and tetramerization domains and the DNA, is fully consistent with the experimentally measured scattering data from CTetDϩDNA construct (Fig. 1a , dashed yellow curve; the fit neatly is graphically indistinguishable from the dark green curve). A local disagreement is seen for two of the core domains that protrude outside the 3D map exposing their C-terminal region (apparent for the right cyan monomer in Fig. 5d ). We have used the atomic coordinates as rigid bodies, and no alternative arrangement is presented. Some differences between our p53-DNA complex and the crystallographic structure of the core domain tetramer bound to DNA (17) could explain this discrepancy. The x-ray structure was determined for the isolated core domain tetramer and in complex with two DNA molecules, whereas our p53-DNA sample covers the entire protein bound to a unique DNA probe. However, we cannot rule out either a partial distortion of the p53-DNA structure because of the aggressive nature of the negative staining technique. Kitayner et al. (17) modeled the structure of flp53 bound to DNA based on their crystal structure of four core domains bound to two segments of DNA and the positions of where the linker sections to the tetramerization domain would exit the truncated structure. The relative positions of core and tetramerization domains are in excellent agreement with the structures determined here by both SAXS and EM.
General Implications for Structure Determination. p53 is typical of the class of proteins containing a mixture of ordered and disordered domains. The strategy used here of fitting the high resolution structures of individual domains, solved by x-ray crystallography or NMR, into low resolution SAXS and EM data, guided by TROSY NMR constraints on interfaces, may well be a useful general approach to solving their structures. SAXS, like conventional NMR spectroscopy, has the advantage of analyzing structures in solution, obviating any artifacts associated with freezing of samples or immobilizing them on a grid, as used in EM. However, it does not generate unique models. SAXS optimizes the spatial arrangement of subunits by direct fitting of experimental scattering data on docking highresolution structures into shapes of macromolecular complexes, but there may be more than one solution (29) . EM of negative stained samples uses an envelope obtained after 3D image reconstruction for docking of high-resolution models of subunits, and the overall shape should not be ambiguous if the high-resolution structures of domains are assigned correctly in the envelope. However, immobilization on the carbon support and differential staining may lead to selection of a particular conformation. SAXS data are particularly useful for discriminating between independently determined models by comparing calculated and observed scattering profiles because SAXS can eliminate incorrect models (34) , and differences between SAXS solution models and EM-generated models have been reported (35) . The differences between the structures of unligated p53 determined in solution and by EM show that a multimethod approach is necessary.
It is striking, here, that both EM and SAXS generate a very similar model for a p53-DNA complex, which is a relatively rigid structure. For the free p53, however, the solution studies using SAXS and NMR indicate a structure of loosely tethered pairs of core domains, with the possibilities of facile conformational rearrangement. Our EM studies, in contrast, show a structure that is preformed for binding the DNA response element. However, the calculated scattering profile is inconsistent with that found from the overall population in solution. It is likely that the experimental conditions for EM have selected a minor closed conformation that has to open for DNA to have access to the binding site. The model proposed for murine p53 (25) may also be a minor closed conformation. Key features of the murine model are not consistent with our data: for example, the murine model has the tetramerization domain dissociated and the N and C termini in contact. We find from SAXS that unligated p53 and its truncation variants all have the same quaternary arrangements of core and tetramerization domains, showing that the structure does not depend on the interaction of the N and C termini. Further, the dissociation constants of flp53 and CTetD lacking the C and N termini are quite similar (23) . For the conformationally flexible free p53, the structures from SAXS, with supplementary information from NMR, must have precedence over the structures purely from EM.
Biological Relevance of the Quaternary Structure. The presence of an extended N-terminal domain in our model is consonant with its biological function. The N-terminal domain of p53 is subject to extensive posttranslational modifications that potentially regulate transactivational activity (36, 37) . It also binds to a variety of proteins that further modulate p53 activity, like MDM2 (38), p300 (39) , several transcription activators of the TFIID complex (40) (41) (42) , and RPA (43) . Upon binding to other proteins, small regions within the intrinsically unfolded p53 N terminus form helical structures (38, 43) , a phenomenon also observed for other transcription factors (44) (45) (46) . Further, our model of loosely coupled core domains assembled in an elongated cross-shaped structure allows binding of regulatory protein like Bcl-xL (47), Bcl2 (48), or 53BP2 (49, 50) to p53 core domain.
The open arrangement in flp53 of two separate pairs of core domains (Fig. 3) allows access of DNA to the binding site: first, one pair of core domains binds to two of the four binding site on a response element; then, the flexible linkers between the core and tetramerization domains allow the second pair of core domains to bind to the remaining two sites, thus burying the DNA within the protein.
Methods
Human p53 CTetD, CTetCD, and full-length p53 were expressed in Escherichia coli and purified as described (23) . SAXS data were collected at the X33 beamline at European Molecular Biology Laborator y/Deutsches Elektronen Synchrotron (EMBL/DESY), Hamburg and at station 2.1 of the Daresbury Synchrotron Radiation Source (SRS) following standard procedures. Electron microscopy using negative staining involved manual selection of particles and reference-free classification (see SI Fig. 11 ). TROSY NMR spectra were acquired on 800 MHz and 900 MHz spectrometers by using perdeuterated, isotopically 2 H, 15 N-labeled samples. Details of sample preparation, SAXS measurements and modeling, electron microscopy, image processing and domain fitting, and NMR spectroscopy are given in SI Materials and Methods.
